The contribution of cattle urine and dung to nitrous oxide emissions: quantification of country specific emission factors and implications for national inventories. Science of the Total Environment, 635,[607][608][609][610][611][612][613][614][615][616][617] Abstract 18 Urine patches and dung pats from grazing livestock create hotspots for production and 19 emission of the greenhouse gas, nitrous oxide (N 2 O), and represent a large proportion of total 20 N 2 O emissions in many national agricultural greenhouse gas inventories. As such, there is 21 much interest in developing country specific N 2 O emission factors (EFs) for excretal nitrogen 22 (EF 3, pasture, range and paddock) deposited during gazing. The aims of this study were to 23 generate separate N 2 O emissions data for cattle derived urine and dung, to provide an 24 evidence base for the generation of a country specific EF for the UK from this nitrogen 25 2 source. The experiments were also designed to determine the effects of site and timing of 26 application on emissions, and the efficacy of the nitrification inhibitor, dicyandiamide (DCD) 27 on N 2 O losses. This co-ordinated set of 15 plot-scale, year-long field experiments using static 28 chambers was conducted at five grassland sites, typical of the soil and climatic zones of 29 grazed grassland in the UK. We show that the average urine and dung N 2 O EFs were 0.69% 30 and 0.19%, respectively, resulting in a combined excretal N 2 O EF (EF 3 ), of 0.49%, which is 31 <25% of the IPCC default EF 3 for excretal returns from grazing cattle. Regression analysis 32 suggests that urine N 2 O EFs were controlled more by composition than was the case for 33 dung, whilst dung N 2 O EFs were more related to soil and environmental factors. The urine 34 N 2 O EF was significantly greater from the site in SW England, and significantly greater from 35 the early grazing season urine application than later applications. Dycandiamide reduced the 36 N 2 O EF from urine patches by an average of 46%. The significantly lower excretal EF 3 than 37 the IPCC default has implications for the UK's national inventory and for subsequent carbon 38 footprinting of UK ruminant livestock products. 39 40 Keywords 41 Grassland, greenhouse gas, nitrous oxide, cattle, urine patch, dung pat, nitrification inhibitor, 42 dicyandiamide, inventory 43 44 Highlights 45  First co-ordinated experiments in UK to generate data for country specific grazing 46 excretal N 2 O EF 47  Urine had a significantly greater average N 2 O EF (0.69%) than dung (0.19%) 48  The combined excretal N 2 O EF was 0.49%, <25% of the IPCC default value for cattle 49  DCD reduced the N 2 O EF from urine patches by an average of 46% 50 3  Urine N 2 O was controlled by its composition, dung N 2 O was related to soil and 51 environmental factors 52 53 Graphical abstract 54 55 56 57 58 4 1. Introduction 59 Grazed grasslands support a significant proportion of sheep and cattle production throughout 60 Europe and other parts of the World, converting human-inedible plant biomass into human 61 edible animal products but with generally low nitrogen (N) use efficiencies. The ruminant 62 animal converts much of the organic N in plant biomass into highly reactive and bioavailable 63 N (Nr), particularly as excreted in the urine. It is thought that 3.08 Mt of N is deposited by 64 grazing livestock in Europe, and this value is thought to be as much as ca. 0.61 Mt N in the 65 UK (UNFCCC, 2016). It is well documented that urine additions to grassland soils result in 66 significant quantities of N 2 O production and emission, mainly due to the soil microbial 67 processes of nitrification and denitrification (Selbie et al., 2015), following the addition of 68 readily available N and carbon (C), and the effects of significantly increased percentage of 69 water-filled pore space (WFPS) within the urine patch (van der Weerden et al., 2012).
have taken this a step further, in exploring how the nitrification inhibitor dycandiamide 135 (DCD) can be delivered to urine patches to reduce N 2 O emissions, e.g. through boluses 136 (Ledgard et al., 2008) , in drinking water (Welten et al., 2014) , and in feed (Luo et al., 2015; 137 Minet et al., 2016 137 Minet et al., , 2018 . However, recent publicity and research has demonstrated that there 138 are potential unintended consequences of using nitrification inhibitors, such as contamination 139 of milk products, e.g. via root or foliar uptake (Marsden et al., 2015; Pal et al., 2016) and 140 increased ammonia emissions (Lam et al., 2016) , so researchers are exploring new inhibitor 141 products, including biological nitrification inhibitory compounds targeted at ruminant 142 production (Gardiner et al., 2016; Balvert et al., 2017; Luo et al., 2018) that may be deemed 143 more acceptable to the public in the future. The UK greenhouse gas R&D community undertook a large number of field trials to quantify 146 N 2 O EFs from a range of different N sources (viz, different fertiliser N forms, different 147 manure types, and urine and dung deposited by grazing livestock (Chadwick et al., 2011) , as 148 part of a larger programme to improve the reporting tool for the national inventory of 149 agricultural greenhouse gas emissions that better represents the soils, climate and N 150 management in the UK. In this paper, we summarise the results of the first co-ordinated set of 151 plot-based experiments aimed at generating new N 2 O emissions data for disaggregated urine 152 and dung deposition to soil, from which country specific N 2 O EFs can be derived that are 153 relevant to UK soils and climate. Some of the individual site experimental results can be 154 found in Bell et al. (2015) and Cardenas et al. (2016) . In the experiments, we tested whether 155 season of urine and dung deposition (early grazing, mid grazing, later grazing period) 156 influenced the N 2 O EF. We also tested the efficacy of the nitrification inhibitor, included in each experiment, a standardised artificial (synthetic, produced in the laboratory) 159 urine treatment, with the aim of using the information from this treatment to help disentangle 160 the effects of urine composition from soil and climate effects on N 2 O EFs. Urine and dung were removed from cold storage at least 12 hours before application to the 207 soil, to allow them to attain ambient temperature prior to application to the soil. Urine and 208 10 dung were applied at typical N loading rates and volumes. The volumetric loading rate was 209 based on a typical 1.8 litres per urination event (Misselbrook et al., 2016) . Since the N 210 content of the collected urine varied between feeding trials, the N loading rate varied between 211 an equivalent rate of 340 and 570 kg ha -1 , with an average loading rate of 455 kg N ha -1 (see 212   Table 4a ). Dung was applied at an equivalent rate of 20 kg m -2 , representing typical 213 deposition by grazing cattle (Sugimoto and Ball, 1989) , with an average loading rate of 835 214 kg N ha -1 (range 625 -1020 kg N ha -1 ; Table 4b ). Since urine composition could not be 215 controlled between experiments, a standard artificial urine treatment was included at each site 216 as a reference treatment. This was to allow the effects of soil and climate to be determined.
217
The artificial urine recipe of Kool et al. (2006) was used in all experiments.
219
A urine treatment containing DCD was added, with DCD applied at a rate of 10 kg ha -1 220 equivalent (supplying 6.5 kg N ha -1 equivalent), and was mixed with urine (only) just before Urine treatments were applied to an area of 0.6 m x 0.6 m within a frame to facilitate 238 infiltration (rather than runoff) using a watering can. After application, static chambers were 239 inserted centrally into this area. Dung pats were spread to cover the entire area within the 240 chamber. We recognise that urine and dung patches are not normally this large, and have 241 'edges', but this method of application was deemed the most appropriate to simulate the urine 242 patch and dung pat. It is possible that by applying the N source across the whole area of the 243 chamber that N 2 O production and emission may have been affected, but there is no evidence Sampling frequency was 4-5 times in the first week after treatment application, 4-5 times in 267 the second week, 2 times per week for the next two weeks, then once per week for 1 month.
268
Sampling frequency was then reduced further, eventually to once per month until the end of 269 the experiment (12 months), resulting in ca. 30 samples over the 12-month period following 270 application in order to comply with IPCC recommendations (IPPC, 1996) . Concentrations of the purine derivatives in the urine varied markedly between the different 360 seasons of collection for the different experiments at each site, and between sites (Table 5) .
361
This reflects differences in the diets that cattle were fed prior to collection of the urine on 362 each occasion (see Table 2 for a summary of the diets), and differences between cattle groups The total N content of the dung ranged from 3.4 to 48.0 g kg -1 (DM), whilst the DM content 369 ranged from 10.6-36.2% (Table 4b) . The total N loadings in the urine and dung treatments 370 were typical for cattle, 338-568 kg ha -1 (average 455 ± 17.6) and 625-1020 kg ha -1 (average 371 835 ±31.9), respectively. These values are within reported ranges (Selbie et al., 2015) . Hillsborough and North Wyke, and warmer at Drayton. However, it is more likely that the 378 weather conditions immediately before urine and dung application, and within the first three 379 months after application would have the most influence on N 2 O production and emission (see 380   Table 3 ). The mean urine N 2 O EF was 0.69% (±0.20), ranging from 0.05 -2.96 (Table 6 ). Across all 415 seasons of application, the meta-analysis showed that the N 2 O EF was significantly greater 416 from the North Wyke site than other sites (p<0.05) (Figure 4 ). Whilst across all sites, the N 2 O 417 EF was significantly greater following an early-grazing application (p<0.05) ( Figure 5 ). DCD 418 reduced the N 2 O EF from urine in 13 of the 15 experiments, although this reduction was only 419 significant in 5 of these experiments ( Table 6 ). The average N 2 O EF for the urine + DCD 420 treatment was 0.37% (±0.09) (Table 6 ). So, the use of DCD resulted in an average reduction 421 in the N 2 O EF of 46%, although the range in efficacy was wide, i.e. from an increase in the 422 N 2 O EF of 32% (mid-season application at Hillsborough) to a reduction of 75% (at the same 423 site from the early-season application). The mean artificial urine N 2 O EF was similar to that of the real urine, 0.66% (±0.18) ( Table   427 6), and there was a good relationship between the N 2 O EFs for real and artificial urine 428 (r 2 =0.77). Across all seasons, the meta-analysis showed that the N 2 O EF from the artificial 429 urine was significantly greater at North Wyke and Hillsborough (p<0.05) than the other sites 430 (Figure 4) . Across all sites, the greatest N 2 O EF occurred following the early-grazing 431 application (p<0.05) ( Figure 5 ). (Table 6) , which was significantly lower than for urine (p<0.05). The meta-analysis 436 showed there was no effect of site or season of application on the N 2 O EF from dung 437 (p>0.05) (Figures 4 and 5) . It is clear that there were significant (p<0.05) effects of excretal N source and season of 441 application at each site, as well as 'treatment' x 'season' interactions (Table 7) . proportion of the emission can be 'offset' by carbon sequestration, and suggests that e.g. land 551 sparing strategies may be more realistic (Lamb et al., 2016) . The lower country specific 552 pasture, range and paddock EF 3 also has implications for calculating carbon footprints of 553 ruminant livestock products in the UK. delivery mechanisms need to be addressed if this technology is to be adopted. Importantly, 571 the results of this study provide evidence that for the UK soil and climatic conditions, the 572 N 2 O EF for grazing excreta for cattle is significantly lower (0.49%) than the IPCC default 573 (2%) with implications for both government and the ruminant livestock industries as they 574 seek to meet challenging greenhouse gas mitigation targets and greenhouse gas emission 575 25 roadmaps, respectively. Further questions arise in terms of the validity of extrapolating these 576 data from cattle to sheep grazing, and from mineral to organic soils. 577 578 579
